T he tumor necrosis factor ␣ (TNF-␣) gene encodes a pleiotropic cytokine, which plays a critical role in basic immunological processes as well as in a variety of infectious and autoimmune diseases (1) . TNF-␣ is expressed in multiple cell types including lymphocytes, monocytes, mast cells, and fibroblasts and is induced by a wide range of extracellular stimuli (1) . In T cells activated through their antigen receptor, TNF-␣ is expressed as an immediate early gene product (2) . Transcriptional induction of the gene does not require de novo protein synthesis and depends on the recruitment of the transcription factors NFATp (nuclear factor of activated T cells) and ATF2͞Jun to cognate sites in the TNF-␣ promoter (2) (3) (4) . Moreover, T cell production of TNF-␣ is critical in a variety of autoimmune diseases (1) , as well as T cell-mediated lethal shock (5) , and in the induction of HIV-1 replication in chronically HIV-1-infected cells (6) . Thus, insights into the regulation of TNF-␣ in T cells may suggest therapeutic strategies to manipulate TNF-␣ levels in immunopathological processes in which TNF-␣ plays a destructive role.
Regulation of TNF-␣ gene expression is cell type-specific (4, 7). In T cells, binding of NFAT to both the 3-NFAT and Ϫ76-NFAT TNF-␣ promoter sites is required for transcriptional induction of the gene, whereas in B cells, binding to the 3-NFAT site is dispensable (4) . In recent studies, we have demonstrated that regulation of TNF-␣ gene transcription is also stimulus-specific. In T cells, distinct enhancer complexes form on the TNF-␣ gene promoter in response to different extracellular stimuli. Virus infection of T cells leads to the recruitment of NFAT, ATF-2͞Jun, and Sp1 proteins to the TNF-␣ promoter in vivo, whereas in response to calcium flux, the transcription factors NFAT and ATF-2͞Jun, but not Sp1, are recruited to the promoter (8) . Thus, in TNF-␣ gene regulation, different stimuli result in the assembly of distinct enhancer complexes, which use specific sets of binding sites and cognate proteins.
Here, we show that activation of TNF-␣ gene expression in T cells by TCR engagement, virus infection, and calcium influx depends on cAMP response element binding protein (CREB)-binding protein (CBP)͞p300 coactivator proteins. Furthermore, we show that the composite TNF-␣ CRE͞3 site, which binds ATF-2͞Jun and NFAT proteins and is required for induction of the TNF-␣ gene by TCR engagement, virus infection, and calcium influx, is a CBP͞p300-dependent element. Using mice lacking one allele of CBP, we show that gene dosage of CBP is selectively required for induction of TNF-␣ transcription by TCR engagement but not by virus infection. Moreover, TCR activation, but not virus infection, potentiates CBP transactivation in T cells. Thus, CBP is selectively required for TCR-mediated TNF-␣ gene transcription, demonstrating a novel stimulusspecific role for CBP in gene expression.
Materials and Methods
Plasmids. The Ϫ200 TNF-␣ Luc, pcDNA3-NFATp SϾA, E1A 12S, and E1A 12S ⌬2-36 constructs have been described (8) (9) (10) . The Ϫ39 TNF-␣ (CRE͞3-NFAT) reporter was created by subcloning two copies of the double-stranded oligonucleotide 3(L) (3) in the sense orientation into the BamHI site of Ϫ40 IFN-␤ CAT (11) . To create Ϫ105 IFN-␤ Luc, the BamHI-XbaI fragment of Ϫ105 IFN-␤ CAT first was subcloned into pBluescript (Stratagene), and the KpnI-XbaI fragment then was subcloned into the KpnI-NheI sites of pGL3-Basic. The Gal4 ϫ 5-Luc reporter was created by subcloning the PvuII-SmaI fragment of Gal4 ϫ 5 E1bTATA-CAT (12) into the SmaI site of pGL3-Basic. The Gal4-CBP expression vector was a generous gift of Dimitris Thanos (Columbia University, New York).
Cell Culture and Transfection. The T cell hybridoma 68-41 (a gift from Masato Kubo, Science University of Tokyo, Tokyo, Japan) and the Ar-5 T cell clone were grown, and transfections were performed by using DEAE-Dextran, as described (2, 13) . Thirtysix hours after transfection, cells were activated with Sendai virus (Spafas, Cantell strain) at a final concentration of 300 hemagglutinin (HA) units͞ml, with 1 M ionomycin (Calbiochem), or with 1 g͞ml anti-CD3 (PharMingen) and harvested approximately 16 h later.
HeLa cells were maintained at 37°C, 5% CO 2 , in DMEM supplemented with penicillin, streptomycin, 10% FCS, and 2
Abbreviations: CBP, cAMP response element binding protein (CREB)-binding protein; TNF, tumor necrosis factor; TCR, T cell receptor; NFAT, nuclear factor of activated T cells; CAT, chloramphenicol acetyltransferase. mM L-glutamine. Transfections in HeLa cells were performed by using Lipofectamine (Life Technologies, Rockville, MD) at 25 g͞ml according to the manufacturer's protocol. Cells were incubated with DNA͞Lipofectamine complexes in OptiMEM (Life Technologies) for 24 h posttransfection, after which medium was removed and replaced with complete DMEM. Cells were harvested after an additional 24 h.
CAT assays or luciferase assays were performed as described (2, 10). As a transfection control for the CAT assays and luciferase assays, the ␤-galactosidase control plasmid pCMV␤ (CLONTECH) and the Renilla luciferase control plasmid pRL-TK (Promega), respectively, were cotransfected in all experiments. Transfections were normalized to ␤-galactosidase or Renilla luciferase as indicated in the figure legends.
RNA Analysis. Spleen cells were prepared from CBP ϩ͞Ϫ mice and their wild-type littermates (14) . Cells were stimulated with anti-CD3 or Sendai virus as indicated in the figure legends. 32 P-labeled RNA probes were prepared from SP6 ␥-actin and a murine TNF-␣ or IFN-␤ probe, and RNase protection assays were performed as described (2) . Percentage of T and B cells was determined in a FACS analysis according to standard techniques by using antibodies to CD5 and B220 (Cappel), respectively.
Results
To assess the role of CBP͞p300 proteins in TNF-␣ gene regulation, we performed cotransfection studies with the adenovirus E1A 12S protein, which inhibits CBP͞p300 function (15) . As a control, we used a mutant form of the protein (E1A 12S ⌬2-36), which lacks the CBP͞p300 interaction domain and fails to inhibit CBP͞p300 activity (16) . As a reporter, we used the region of the human TNF-␣ promoter containing 200 nt upstream of the transcriptional start site fused to the luciferase reporter gene. This region is sufficient for maximal transcriptional induction of the human TNF-␣ gene in response to multiple signaling pathways, including antigen receptor activation, calcium flux, and virus infection (2, 17) .
As shown in Fig. 1 , activation of the TNF-␣ reporter gene upon stimulation of 68-41 T cells with virus or by crosslinking the TCR with antibodies directed toward the CD3 complex (anti-CD3) was strongly inhibited by E1A 12S but not by E1A 12S ⌬2-36 ( Fig. 1 A) . A similar result was observed in the T cell clone Ar-5 and by using calcium ionophore as the stimulus in the two cell types (data not shown). As a control we used the IFN-␤ gene, the activation of which by virus depends on CBP͞p300 (18, 19) . Virus induction of a IFN-␤ reporter in 68-41 T cells (Fig. 1B) and Ar-5 T cells (data not shown) also was abrogated by E1A 12S but not by E1A 12S ⌬2-36, consistent with results obtained in HeLa cells (18) .
The composite TNF-␣ promoter element CRE͞3 binds members of the ATF-2͞Jun and NFAT transcription factor families (3). The CRE͞3 site is critical in the regulation of TNF-␣ and can confer induction by anti-CD3, virus, and ionomycin upon a truncated TNF-␣ promoter (3, 8) . Given that NFAT and ATF-2͞Jun proteins can interact with CBP͞p300 (20-22), we speculated that the integrative function of the CRE͞3 site in TNF-␣ gene regulation might involve a functional association with CBP͞p300 proteins.
As shown in Fig. 2 , we tested the effect of E1A 12S and E1A 12S ⌬2-36 on the induction of a synthetic promoter construct, (CRE͞3) 2 , containing two copies of the CRE͞3 site fused to a truncated Ϫ39 TNF-␣ promoter. E1A 12S, but not E1A 12S ⌬2-36, inhibited induction of the (CRE͞3) 2 reporter construct in T cells stimulated by anti-CD3 or virus (Fig. 2 A) . Thus, the CRE͞3 element is sufficient for functional interaction with the coactivator proteins CBP͞p300, consistent with its role of integrating diverse signal transduction pathways at the TNF-␣ promoter.
Two molecules of NFAT bind to the 3 site of the CRE͞3 composite element in activated T cells (2, 23) . As shown in Fig.  2B , transfection of increasing amounts of a constitutively nuclear form of NFATp (NFATp SϾA) (8) into HeLa cells, which lack NFAT (24), activates the (CRE͞3) 2 reporter construct. To investigate the role of CBP͞p300 in activation of the (CRE͞3) 2 reporter construct by NFATp, we tested the effect of cotransfection of E1A. NFATp-driven induction of the (CRE͞3) 2 reporter construct was strongly inhibited by a constant amount of E1A but not by E1A ⌬2-36 (Fig. 2B) . In the reciprocal experiment, increasing amounts of E1A but not E1A ⌬2-36 inhibited induction of the reporter by a fixed amount of NFATp (Fig. 2C) . We note that vector alone did not influence NFATpdependent activation of the (CRE͞3) 2 reporter (data not shown). Thus, CBP͞p300 functionally cooperates with NFATp at the CRE͞3 site.
We next examined the role of CBP in the induction of the endogenous TNF-␣ gene in spleen cells derived from mice lacking one copy of the CBP gene (CBP ϩ͞Ϫ ) (14) . ment with anti-CD3 was inhibited, whereas virus infection of spleen cells from the same CBP ϩ͞Ϫ mice resulted in equivalent levels of TNF-␣ mRNA relative to wild-type littermates (Fig.  3A) . Similarly, virus induction of the IFN-␤ gene was not impaired by the loss of one CBP allele (Fig. 3B) . We note that IFN-␤ is not activated by anti-CD3 (data not shown) and is selectively induced by virus (19) . Taken together, these results demonstrate an inducer-specific requirement for CBP in anti-CD3-stimulated TNF-␣ gene induction.
TCR engagement-and NFAT-dependent transcription depends on calcium flux (26, 27) . In neuronal cells, the transcriptional activity of CBP is potentiated by calcium flux (28) . We therefore next investigated whether engagement of the TCR and͞or virus infection could potentiate the transcriptional activity of CBP in T cells. We cotransfected increasing amounts of full-length CBP fused to the DNA-binding domain of Gal4 with a Gal4-dependent reporter into T cells. Strikingly, Gal4-CBP was strongly activated in response to TCR activation, but not in response to virus infection (Fig. 4) . These results thus are consistent with the selective requirement for wild-type CBP levels in the transcriptional activation of TNF-␣ in T cells stimulated by anti-CD3.
Discussion
CBP and p300 both function as histone acetyltransferases and interact with a broad range of transcription factors and coactivators. Although these proteins are functionally interchangeable in many in vitro and in vivo assays, CBP and p300 do not have completely overlapping biological functions (29, 30) . For example, mutant forms of the HTLV-I Tax protein that selectively interact with either CBP or p300 activate transcription from ATF͞CREB-or NF-B-dependent pathways, respectively, in transformed hamster (BHK21) cells (31) . Reduction of CBP or p300 protein levels using ribozyme technology also has suggested a specific role for p300 in retinoic acid-induced differentiation of murine embryonal carcinoma F9 cells (32) and in the accumulation of p53 in response to DNA damage in human breast cancer (MCF-7) cells (33) .
The critical requirement for the correct dosage of CBP and its lack of complete functional redundancy with other CBP͞p300 proteins is illustrated further by Rubinstein-Taybi Syndrome. The genetic basis of Rubinstein-Taybi Syndrome is a mutation in a CBP allele (34) , which results in growth and mental retardation and craniofacial, skeletal, and heart defects in affected patients (30) . A similar phenotype is observed in mice that lack one allele of CBP (14, 35) or express a truncated form of CBP protein (36, 37) . Mice lacking one p300 allele exhibit defects in heart development and cell proliferation (25) . These defects undoubtedly result from perturbations in the cell-and inducer-specific regulation of genes and signal transduction pathways that selectively depend on CBP or p300.
Here, we have shown that activation of TNF-␣ gene transcription by multiple stimuli, including TCR engagement and virus infection, depends on CBP͞p300. TNF-␣ gene transcription induced by TCR engagement, however, is inhibited in cells from mice lacking one CBP allele, whereas transcription of the gene in response to virus infection is not compromised. Thus, whereas CBP͞p300 proteins appear to be generally required for induction of TNF-␣ gene transcription, at least one family member, CBP, is specifically required for TNF-␣ gene induction by a distinct stimulus, TCR engagement. This specificity may involve the intrinsic ability of CBP to activate transcription in the context of the TNF-␣ enhancer complex; this hypothesis would be consistent with our demonstration that TCR engagement, but not virus infection, is a potent effector of the intrinsic transactivation function of CBP.
Interestingly, distinct sets of TNF-␣ promoter elements are required for induction of TNF-␣ gene transcription by TCR stimulation and calcium influx or by virus infection (3, 8) . Whereas Histograms of CAT activity in response to increasing amounts of exogenous NFATp (30, 100, or 300 ng) in the presence of fixed amounts of wild-type or mutant E1A 12S (0.1 g) (B) or in response to increasing amounts of wild-type or mutant E1A 12S (0.1, 0.3, or 1.0 g) in the presence of fixed amounts of exogenous NFATp (100 ng) (C), demonstrating inhibition of NFATp-mediated CRE͞3-NFAT reporter activity by wild-type E1A 12S. The results in A-C are an average of three independent experiments, and the error bars represent SEM. For luciferase assays, extracts were normalized to Renilla luciferase activity; for CAT assays, extracts were normalized to ␤-galactosidase activity.
calcium influx results in the recruitment of ATF-2͞c-jun and NFATp to the TNF-␣ promoter, in response to virus infection, Sp1 is also recruited (8). Thus, it is possible that the presence of an additional factor, Sp1, bound to the TNF-␣ promoter after virus infection creates a more extensive surface for protein-protein interactions. This surface may strengthen the recruitment of CBP to the TNF-␣ enhancer complex, thereby permitting transcription to proceed in the absence of wild-type levels of CBP protein. In the case of IFN-␤, virus infection leads to the cooperative assembly of transcription factors and CBP͞p300 at the IFN-␤ promoter to form a stereospecific, higher-order complex, the enhanceosome (19) . Wild-type levels of CBP also are not required for activation of IFN-␤ transcription by virus, consistent with efficient recruitment of CBP to this highly cooperative complex. Thus, the group of transcription factors recruited to the TNF-␣ and IFN-␤ promoters by virus infection may have a relatively stronger interaction with the CBP-containing complex than the groups of factors assembled on the TNF-␣ promoter in response to TCR activation.
Alternatively, in the case of virus-inducible transcription of both the TNF-␣ and IFN-␤ genes, wild-type levels of p300 may compensate for reduced levels of CBP. In this case, recruitment of either CBP or p300 to the TNF-␣ and IFN-␤ enhancer complexes would be sufficient for expression of either gene in response to virus infection. We note that both CBP and p300 have been detected as components of the IFN-␤ enhanceosome (19) . Although in the context of the TCR-mediated TNF-␣ enhancer complex, the intrinsic transactivation potential of CBP may be important, in the context of the virus-induced TNF-␣ and IFN-␤ enhancer complexes, CBP may function primarily as a scaffold for the complex. This idea is consistent with our observation that CBP-mediated transcription is not potentiated by virus infection.
The selective role of CBP in TCR-mediated TNF-␣ expression also may be an underlying factor in the phenotype of mice lacking one allele of CBP. A full complement of CBP is required for normal hematopoietic differentiation and hematopoietic tumor suppression in aging mice (14) . Given that TNF-␣ is involved in the generation of follicular dendritic cells (38) and splenic germinal centers (39, 40) and is an autocrine growth factor for human splenic B cells (41) , it is interesting to speculate that dysregulation of TNF-␣ in CBP ϩ͞Ϫ mice may contribute to this phenotype.
In summary, these results lend insight into the general question of how specificity in transcriptional activation is achieved. The requirement for, and activation of, CBP in TCR-mediated TNF-␣ gene expression illustrates the role of a specific coactivator protein in the transduction of a stimulus originating at the Virus induction of IFN-␤ mRNA in CBP ϩ͞Ϫ mice is not reduced relative to levels observed in wild-type littermates. In the experiment displayed, when total mRNA levels are normalized to ␥-actin, the relative levels of virus-inducible IFN-␤ mRNA derived from the CBP ϩ͞Ϫ mouse relative to the levels observed in the wild-type littermate are equivalent. The percentage of T and B cells in spleens from CBP ϩ͞Ϫ and wild-type CBP ϩ͞ϩ littermates was equivalent as determined by FACS analysis (data not shown). We note that the CBP ϩ͞Ϫ mice used in the experiments displayed were in a 129͞Sv background and are representative of three individual CBP ϩ͞Ϫ and wild-type CBP ϩ͞ϩ littermates. When the mice were backcrossed into a BL6 background, inhibition of anti-CD3 induction of TNF-␣ was attenuated (data not shown), suggesting a strain-specific modifier. It should be noted that such a strain-specific backcrossing effect previously has been observed with regard to heterozygote lethality in p300 ϩ͞Ϫ mice (25) . g) of vector expressing the Gal4 DNA-binding domain fused to full-length CBP (Gal4-CBP) or 4 g of vector expressing the Gal4 DNA-binding domain (Gal4-DBD) was transfected into 68 -41 T cells and stimulated with ␣-CD3 or virus as indicated. Because Gal4-CBP expression depends on the simian virus 40 (SV40) promoter, and the SV40 promoter-driven expression of exogenous ␤-galactosidase is not potentiated by anti-CD3 or virus (data not shown), we conclude that the observed effects on Gal4-CBP transcriptional activity are posttranslational. The results are an average of three independent experiments, and the error bars represent SEM. Extracts were normalized to Renilla luciferase activity.
